We have examined the visual potential evoked by two motion stimuli. In the first stimulus (termed coherent motion) a random-dot pattern oscillated between phases of coherent and incoherent ("snowstorm") motion, and in the second a random-dot pattern alternated in direction of motion (termed direction change). We found that the response to the coherent motion stimulus is low-pass with respect to speed, has low contrast sensitivity and increases steadily with the contrast of the stimuli. The direction change visually-evoked potential (VEP) is band-pass with respect to speed, has high contrast sensitivity but then saturates and even reduces as the stimulus contrast is raised above 0.1. The behaviour of the direction change VEP is similar in nature to results from psychophysical experiments of motion perception and to the known properties of directionally selective cells of the cortex. On the other hand the behaviour of the coherent motion VEP suggests this may not be mediated by a mechanism specific to motion.
INTRODUCTION
The analysis of movement of the visual world is of fundamental importance to any organism (Nakayama, 1985) , and has been reflected in recent attempts to understand the processes involved in motion processing (Snowden, 1992) . It is now well established that in the brain of monkeys, as in many other species, there are neurones sensitive to the direction of motion of a stimulus (e.g. Hubel & Wiesel, 1968) . It is therefore presumed that such units will exist in the brain of humans. If this is the case then it should be possible to record electrical activity from the human scalp that reflects the operation of these units--a motion-related visually-evoked potential (motion VEP).
There have already been many reports of a motion VEP (MacKay & Rietveld, 1968; Clarke, 1972 Clarke, , 1973 Clarke, , 1974 Tyler & Kaitz, 1977; Dagnelie, 1986; Manning, Finlay & Fenelon, 1988; G6pfert, Miiller & Simon, 1990; Miiller, G6pfert, Schlykowa & Anke, 1990; Manning, Finlay & Fulham, 1991; Wattam-Bell, 1991; Kuba & Kubov',i, 1992; Manning & Mazzucchelli, 1992; Propst, Plendel, Paulus, Wist & Scherg, 1993; Schlykowa, van Dijk & Ehrenstein, 1993; rich, 1994). However, many reports that claim to measure motion VEPs might be contaminated by influences from non-directionally selective units (for a discussion see Clarke, 1974) . The isolation of a motion VEP therefore remains somewhat controversial, yet its attainment is a worthwhile endeavour as it could be a much needed tool to investigate the motion system at suprathreshold levels, as well as having possible clinical applications (Kuba & Kubov~i, 1992; Kommerell, Ullrich, Gilles & Bach, 1995) . In this paper we examine two possible stimuli for the isolation of a motion VEP and report their characteristics. In psychophysical examinations of the motion processing system the use of random-dot patterns has made a valuable contribution. Random-dot patterns have been suggested to isolate perceptions based upon motion sensitive units as other cues (such as changes in position) are thought to be rendered difficult to use (Nakayama & Tyler, 1981) . It therefore seems a logical extension to employ them in VEP studies of motion detection. Several versions have already been tested (e.g. Clarke, 1974; Wattam-Bell, 1991; Manning & Mazzucchelli, 1992 , Propst et al., 1993 with promising results. However, one limitation of two of these studies (Clarke, 1974; Wattam-Bell, 1991) is that the VEP seems to be driven by a reversal in direction, hence the VEP can be thought of as a "direction-change VEP" rather than a motion VEP. Studies that want to use a VEP measure of motion related activity may often require the stimulus to be moving in a single direction (e.g. in assessing directionally selective adaptation or masking). Studies that attempt to compare motion vs non-motion VEPs have produced the rather strange result that the perception of coherent motion reduces the motion VEP compared to the perception of incoherent motion. For instance Manning et al. (1991) compared the response elicited by a random-dot square oscillating back and forth on a dynamic random-dot background to the response to the whole display being dynamic. They found that the strongest VEP was produced by the succession of uncorrelated frames and that the perceptual presence of the oscillating square only served to slightly reduce this response. In the present study we therefore compare VEPs elicited by a "direction-change stimulus" and a "coherent motion stimulus".
Rationale of stimuli
Our two stimuli were designed to isolate different aspects of motion processing. Our first stimulus was designed to measure a signal that arises from mechanisms that could differentiate between opposite directions of motion, and was conceptually the same as that used by Wattam-Bell (1991) . The random-dot pattern was displaced in one direction for a number of frames and then its direction was reversed. To ensure that the direction reversal was not revealed by non-directionally sensitive units this reversal was accompanied by the random-dot pattern being refreshed (i.e. a new uncorrelated pattern was used). However, this refresh by itself could drive the VEP signal so another refresh was added halfway through the motion displacement sequence (see Fig. 1 ). Thus the direction reversals took place at a rate of fHz and the refresh signal took place at 2fHz. We are therefore able to distinguish between them in the VEP signal.
Our second stimulus was designed to measure a signal that arises from mechanisms that could differentiate between coherent displacements and incoherent displacements. This idea has been successfully used in psychophysical experiments. For example, Braddick (1974) presented a coherently moving area on a background of incoherent motion. At large displacements the moving area appeared incoherent and was therefore indistinguishable from the incoherent motion. Our stimulus consisted of a succession of displacing frames (coherent motion) followed by a succession of randomly refreshed patterns (incoherent motion)--see Fig. 1 . If the brain can distinguish between these two types of motion (coherent vs incoherent) we might expect to see a signal driven at the rate at which the stimulus changes from coherent to incoherent motion (f Hz).
METHODS
All experiments were performed at the UniversitfitsAugenklinik in Freiburg.
Stimuli
Random grey level patterns were used throughout this study. The patterns were generated using a VSG2.1 graphics card (Cambridge Research Systems) driving an EIZO T660i-M monitor with a frame rate of 81 Hz. Each element of the stimulus was a square of side 5 mm and the visible stimulus at any point in time consisted of 53 × 50 squares, which from the viewing distance of 114cm subtended a visual angle of 12.5 × 13.25deg. Each square could be assigned a grey level that was drawn randomly from a range of permissible levels. The range of permissible levels governed the contrast of the stimulus. We here use the Michaelson definition of contrast--contrast = (Lm, x -Lmi,)/(Lmax + Lmin).
The mean luminance of the display was 5.6 cd/m 2.
Motion was produced by vertically displacing the pattern through a number of pixels on each refresh of the screen. The smallest displacement available to us was 0.44 mm (1.3 min of visual angle from 114 cm) and the screen was refreshed every 12.3msec (i.e. at 81 Hz). Therefore the slowest speed we could produce was 1.75 deg/sec. The movement of the stimulus took place behind a notional static window, hence elements at one end of the display disappeared from view and new elements appeared at the other end of the screen.
In the "coherent motion" sequences the pattern oscillated between coherent and incoherent movement phases (Fig. 1) . The movement phase consisted of 6 frames in which the pattern was displaced between each frame in one direction. This was then followed by 6 frames where the pattern was randomly refreshed on each frame. Hence one cycle of the stimulus took 12 frames or 148 msec (6.76 Hz). On the next "coherent phase" the direction of displacement was reversed. This was done so as to minimize adaptation to a single direction of motion, and to facilitate comparisons with the "direction change stimulus" that by its nature reverses direction.
The "direction change" sequence consisted of 12 frames in which the pattern was displaced between each frame in one direction, and then 12 frames of movement in the opposite direction etc. (see Fig. 1 ). However, at the point of each direction reversal and at the midpoint of each movement phase (i.e. frames 6, 12, 18 etc.) the pattern was randomly refreshed. Hence the motion reversal response should appear at 6.76 Hz, the "new pattern" response at 13.52 Hz.
Recording
VEP was recorded differentially from four electrode combinations: (1) Oz vs Fz, following Dagnelie (1986) ; (2) Oz vs linked ears, similar to G6pfert, M/iller and Simon (1983) ; (3/4) a lateral electrode, 5cm to the right/left of Oz in a frontoparallel plane vs linked ears, as used by G6pfert et al. (1983) and Kubovfi, Kuba, Hubacek and Vit (1990) . A ground electrode was attached to the right wrist. In this paper we shall only report on results from the Oz vs Fz derivation. The VEPs recorded from the other derivations were found to be generally weaker than the Oz vs Fz derivation but also showed the pattern of results to be reported. Hence we do not think the exact electrode placements are crucial with respect to the physiological properties reported. Signals were amplified, filtered (first-order band-pass, 0.5-70 Hz, Toennies Physiological Amplifier) and digitized to a resolution of 12 bits at a sampling interval of 4 msec with a laboratory computer (Macintosh Ilci). The software (based on LabView) averaged the sweeps if they did not exceed 100 #V at any point (artefact) and displayed them on-line. 100 sweeps were averaged, each of which was 592 msec in length and contained 4 x 12 display frames, respectively 4 cycles of the motion response at 6.76 Hz.
Procedure
Subjects viewed the screen binocularly with natural pupils from a distance of 114 cm. They were instructed to fixate a small point on the centre of the screen during all recording periods. On each experiment the stimuli were presented one at a time in a random order. For Expt 1 seven velocities (0, 1.75, 3.5, 7, 14, 28 and 56 deg/sec) were presented at each of three contrast levels (0.03, 0.1 and 1.0) for, say, the "direction change" stimulus. These 21 conditions would be tested in a random order and the subject was given a brief break between each condition. We then would give the subject a more substantial break before repeating these measurements but using the other stimulus. Which stimulus was run first was randomized from subject to subject, though some subjects were only run in the direction change condition. For Expt 2 we wished to explore a greater range of contrasts so five contrast levels were now used (0.0075, 0.015, 0.03, 0.1 and 1.0) at three speeds (1.75, 7.0 and 28.0deg/sec). All subjects were tested on both stimuli. All other particulars were as in Expt 1.
Analysis
The averaged sweeps were subjected to Fourier analysis. As the sweep contained an integer number of responses (see Recording), no windowing was necessary and no leakage in neighbouring frequency channels could occur. The spectrum thus contained discrete lines. Response strength was defined as the magnitude at the frequency of 6.76 Hz. Phase was not analysed further.
Subjects
A total of seven subjects participated in Expt 1--four subjects in the coherent motion condition and all seven in the direction change condition. Seven subjects participated in Expt 2. Subjects wore appropriate spectacle refraction if necessary, and all gave their informed consent to participate after having the experimental protocol explained to them. Figure 2 plots examples of the VEP elicited by the two stimuli from one subject when the stimuli had a contrast of 0.1 and a speed of 7.0 deg/sec. The VEP elicited by the coherent motion stimulus has a strong component at 6.67 Hz and very little energy at any other frequency. The VEP elicited by the direction change stimulus has components at both 6.67 Hz (the direction reversal rate) and at 13.5 Hz (the refresh rate). Note that the magnitude of the 6.67 Hz component is much larger for the coherent motion stimulus than for the direction change stimulus. This was consistently found over conditions.
RESULTS

Effects of speed
Example results from a single subject are displayed in Fig. 3 where the amplitude of the Fourier component at 6.76 Hz (from hereafter termed the "VEP") is plotted against the velocity of the stimulus at three different contrast levels. Figure 3(a) shows the data produced for the coherent motion stimulus, and Fig. 3(b) the direction change stimulus. The data show that the two stimuli produce some similarities and some differences. Firstly, the maximal size of the VEP produced by the coherence motion stimuli was considerably larger than that for the direction change stimulus. Secondly, the VEP elicited by the coherent motion stimulus tends to be velocity low-pass, whereas that from the direction change stimulus is band-pass with the peak occurring at around 10 deg/sec. The high velocity cut-off appears similar for both stimuli, each producing a significant VEP for a speed of 28 deg/sec but no significant VEP for a speed of 56 deg/sec. FIGURE 2. Examples of the averaged VEP traces and their Fourier components. The upper half is for the coherent motion stimulus and the lower half for the direction change stimulus. The stimuli were at a contrast of 0.1 and a speed of 7 deg/sec, the subject was AM.
We found that our VEPs showed a high test-retest reliability, but that there was considerable interindividual variability. Therefore in order to present group data we decided to normalize the response for each observer for each of the stimuli separately. To do this the combination of speed and contrast that produced the greatest response was identified for each stimulus (e.g. for subject AM, Fig. 3 , this was the response at 3.5 deg/sec, 1.0 contrast for the coherent motion stimulus, and the response at 14deg/sec, 0.1 contrast for the direction change stimulus) and was assigned a value of 1.0. All other responses were defined as a fraction of this greatest response. Figure 4 shows the group means (+_ 1 SEM) plotted in the same fashion as the individual data of Fig. 3 . Despite the quite wide variability, particularly evident in the VEP elicited by the direction change stimulus, it is clear that the same pattern of results described for the single subject of Fig. 3 is also present across this population of observers•
Effects of contrast
One question of particular interest to us was how the VEP would depend upon the contrast of the stimulus. This relationship is brought out in Fig. 5 . Here the group means (without normalization) have been plotted for the The data were normalized for each subject with respect to the greatest response for that stimulus. The data points represent the mean across subjects and the bars + 1 SEM. Each function is for a different contrast (see labels) and the symbols are as in Fig. 3 .
two stimuli at three representative speeds (1.75, 7.0 and 28 deg/sec). It is quite clear that the two stimuli have marked differences in the contrast response functions and this was supported by a two-way analysis of variance. The coherent motion stimulus elicits VEPs that increase with the contrast of the stimulus over the whole range employed. This was true for all three speeds plotted here (and those not plotted) with the effect of speed appearing as a scaling factor (reducing the slope of the VEP vs contrast function) rather than a lateral shift. On the other hand the direction change appears to be almost unaffected by changes in contrast or even slightly reduce in magnitude with increasing contrast [a post-hoc analysis on the effects of contrast (Tukey HSD) revealed this decrease in response to be significant (P <0.01) between contrast levels 1.0 and 0.1 and between 1.0 and 0.03, but no significant difference between contrast levels 0.1 and 0.03].
While Expt 1 shows a strong contrast dependency of the coherent motion VEP and a relative lack of contrast dependence for the direction reversal stimulus, this latter result clearly could not hold for all contrasts. We therefore explored a greater range of contrasts to see at what contrast responses fell to baseline levels. Figure 6 shows the results of this second experiment. Over the overlapping range of contrast between Expts 1 and 2 VEP" as this would provide a valuable tool for further research into the motion system and possible clinical applications. To this end we have compared the coherent motion stimulus with the direction change stimulus. A subsidiary point we quickly appreciated during our pilot studies was that the coherent motion stimulus would be particularly valuable if it did indeed isolate a motion VEP, as the responses to it were far greater (normally about 3 times) than we were able to elicit from the direction change stimulus• Our major findings are that the two stimuli give differing patterns of response with respect to (1) speed--the coherent motion is low-pass, while the direction change is band-pass; (2) contrast--the coherent motion VEP strongly increases with contrast. The direction change VEP can be elicited at lower contrasts than the coherent motion VEP but then saturates at medium contrasts, and weakly decreases with further increases in contrast.
Speed
The difference in the speed dependence of the two VEPs is, perhaps, not surprising• Psychophysically one can imagine an experiment where a section of a randomdot pattern is coherently moved against a dynamic background (e.g. Braddick, 1974) • Even if the coherent section is not moved it will appear different from the incoherent section. Similarly, in our coherent motion stimulus the zero displacement condition is perceptually iii decrease for the direction change stimulus• Interestingly > 3 the fine detail of the cross over in response between the 1.75 and 28.0 deg/sec stimuli between the contrasts of 2 0.03 and 1.0 is also repeated. At the new contrast levels 1 tested (0.0075 and 0.015) we obtained little or no signifi-0 cant VEP from the coherent motion stimulus and we did obtain a significant VEP at a contrast of 0.015 for the direction change stimuli moving at 1.75 and 7 deg/sec. It appears that the direction change stimulus can elicit VEPs at much lower contrasts than the coherent motion stimulus (i.e. it has higher contrast sensitivity), but that its response saturates by a contrast of 0.1 and then decreases slightly.
DISCUSSION
The aims of this study were to examine the characteristics of a stimulus that we believe must be driven by directionally selective neurones (the direction change stimulus) with respect to speed and contrast• Our second aim was to produce a stimulus that could, in principle, only move in one direction but still provide a "motion very different from the incoherent section and leads to a strong VEP. The direction change stimulus, on the other hand, by definition cannot drive a VEP in the stationary condition (a non-moving pattern cannot reverse its direction). This simple consideration of the "stationary" condition shows that the so-called coherent motion VEP can be driven by a stimulus that does not contain any coherent motion and may therefore be inappropriate to study motion perception. At higher velocities the responses from the two stimuli appear similar. The VEP elicited by both stimuli falls off rapidly above 10deg/sec and no significant VEP could be elicited at a speed of 56 deg/sec from either stimuli. The similarity of the two VEPs at the higher speed conditions may suggest that the coherent motion stimulus does indeed reflect the action of motion sensitive units for quickly moving stimuli if not for the more slowly moving ones.
Contrast
The "direction change" stimulus gave a somewhat surprising pattern of results with changes in contrast. The VEP was present at contrasts as low as 0.015 (i.e. it has a high contrast sensitivity) increases rapidly with contrast, saturates and then slowly decreases. The relative independence of the VEP over the contrast range 0.1-1.0 is different to other VEP stimuli such as sinewave gratings (Campbell & Kulikowski, 1972; Spekreijse, van der Tweel & Zuidema, 1973; Burr & Morrone, 1987) . It is therefore encouraging that many psychophysical studies of motion perception have shown a relative independence from contrast over a large range of suprathreshold contrasts (Keck, Palella & Pantie, 1976; Nakayama & Silverman, 1985; Boulton & Hess, 1990) and some studies have suggested a deterioration in performance at high contrasts (Boulton, 1987; Derrington & Goddard, 1989; Boulton & Hess, 1990; Cleary, 1990) . While some of these deteriorations in performance could be explained by temporal smearing (a physical explanation) it seems unlikely that this can explain all the findings. Therefore a physiological interpretation may be in order.
Cells that are directionally selective are known to have properties that differ from their non-directional counterparts. One of these is their dependence upon the contrast of a stimulus. DirectionaUy selective cells in area V1 of the Old World monkey have high contrast sensitivities (Hawken, Parker &Lund, 1988) . They probably inherit this high sensitivity from cells in the magnocellular layers of the lateral geniculate nucleus (LGN) which are known to have higher contrast sensitivity than their parvocellular counterparts (Kaplan & Shapley, 1986; Sclar, Maunsell & Lennie, 1990) . This is supported by the idea that the layers of area V1 receiving a direct input from magnocellular LGN stain for activity marker at lower contrasts than those layers receiving a direct input from the parvocellular LGN (Tootell, Hamilton & Switkes, 1988) . High contrast sensitivity is also a feature of extrastriate area MT (Sclar et al., 1990) which is strongly implicated in some tasks involving motion perception (Newsome & Parr, 1988; Newsome, Britten & Movshon, 1989; Snowden, Treue & Andersen, 1992) . One of the consequences of this high contrast sensitivity is that the cells saturate at a low contrast and thus their response becomes independent of contrast. One may therefore predict that responses that depend upon the action of such cells should be relatively contrast invariant (at least at high contrasts). This seems to support the psychophysical observations mentioned above and is consistent with the VEP elicited by our direction change stimulus.
The results regarding contrast are most damning to our attempts to show that the coherent motion stimulus could be used in place of the direction change stimulus to elicit a motion VEP. Clearly the response to the coherent motion stimulus increases with contrast, and did so for all speeds that elicited any response. This pattern of results seems to resemble the pattern-reversal VEP (Campbell & Kulikowski, 1972; Murray & Kulikowski, 1983; Strasburger, Rentschler & Scheidler, 1986) . The drastically different pattern of result from the direction change stimulus suggests that the coherent motion stimulus does not tap similar mechanisms to the direction change stimulus at any speed tested.
Motion onset VEP
In this study we have used steady-state VEPs to investigate a motion related response, however most previous studies have used transient recording conditions. One of the most popular techniques has been the motion onset stimulus. A stimulus is stationary for some period and then begins moving. The VEP that results from the onset of motion has been found to contain some distinctive components, particularly a negativity at around 150-200 msec (we shall term this the N200 component). The N200 component is not always apparent as it appears to be easily adapted out if the duty cycle of motion to stationary is too high (Bach & Ullrich, 1994) again suggesting its dependence upon movement rather than pattern appearance etc. We were therefore interested to compare our results with the N200 component of the transient VEP. The N200 component is independent of the contrast of the stimulus (Miiller & Grpfert, 1988) and increases with increasing speed (Miiller, Grpfert, Schlykowa & Anke, 1986) . The first of these properties is clearly consistent with the present findings from the direction change stimulus showing a response that is relatively independent of contrast. The second finding may appear inconsistent with our finding of a band-pass speed profile for the direction change stimulus, however, Miiller et al. used a small range of speeds (0.1-4 deg/sec) which are all within the rising portion of our speed tuning profile. It would be of great interest to establish the behaviour of the N200 component over a greater range of speeds. A second technique has been to Fourier analyse the signal over the stimulus presentation period and report the amplitude of harmonics. Victor and Conte (1992) have used this technique to look at the differences between so-called Fourier and non-Fourier motion. They report that the VEPs elicited by these stimuli to be similar and to be almost independent of velocity and to increase steadily with contrast. As such these results appear to be more similar to our results from the coherent motion condition than the direction change stimulus. If our suggestion that high contrast sensitivity and saturation at high contrasts characterize a true motion VEP, this suggests that the VEP elicited by this study is not truly one to motion. However, there are a number of differences between the study of Victor and Conte which may be important. Further work is needed to clarify this issue.
Conclusions
We have established that a stimulus we believe to isolate activity in directionally selective cells gives a VEP that is velocity band-pass, has high contrast sensitivity, saturates at medium contrasts and decreases at high contrasts. On the other hand a stimulus that compared the brain's response to coherent vs incoherent motion is velocity low-pass, has poorer contrast sensitivity and increases steadily with contrast. The similarity of the properties of our direction reversal VEP to current thinking about the psychophysics and physiology of motion perception is suggestive that we are indeed tapping a genuine motion driven response. By similar logic we suggest the VEP driven by the coherent motion stimulus may not be an indicator of motion related activity and calls into doubt conclusions from studies that have used similar stimuli.
